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Kandasamy.  B..  Rabin.  B.  M..  Hunt.  W.  A..  Dalton.  T.  K.. 
Joseph.  J.  A.  and  Harris.  A.  H.  F.spoMrc  to  Heavy  Chacyed  Par¬ 
ticles  Affects  Thermoregulation  in  Rats.  Radiat.  Res.  1J9.  3S2 
-3.3611994). 

Rats  exposed  to  0.1-5  Gy  of  heavy  particles  ('*Fe.  '‘Ar.  ‘*Ne 
or  *He)  showed  dose-dependent  changes  in  body  temperature. 
I.awer  doses  of  all  particles  produced  hyperthermia,  and  higher 
doses  of  ’*Ne  and  ’*Fe  produced  hypothermia.  Of  the  four  HZE 
particles.  **Fe  particles  were  the  most  potent  and  '‘He  particles 
were  the  least  potent  In  producing  changes  in  thcmtoregulation. 
The  ”Ne  and  ‘“Ar  particles  produced  an  intermediate  level  of 
change  in  body  temperature.  Significantly  greater  hyperthermia 
was  produced  by  exposure  to  1  Gy  of  ^*Ne,  “Ar  and  ’*Fe  parti¬ 
cles  than  by  exposure  to  1  Gy  of  *"Co  y  rays.  Pretreating  rats 
with  the  cyclo-oxygenase  inhibitor  indomethacln  attenuated  the 
hyperthermia  produced  by  exposure  to  1  Gy  of  ’*Fe  particles, 
indicating  that  prostaglandins  mediate  ’*Fe-particle-induced 
hyperthermia.  The  hypothermia  produced  by  exposure  to  5  Gy  of 
’^Fe  particles  Is  mediated  by  histamine  and  can  be  attenuated  by 
treatment  with  the  antihistamines  mepyramine  and  cimetidine. 


INTRODLCTION 

When  manned  exploration  of  the  solar  system  continues, 
astronauts  leaving  the  protection  of  the  Earth's  magnetic 
field  will  be  exposed  to  types  and  doses  of  radiation  signifi¬ 
cantly  different  from  those  in  low-Earth  orbit,  primarily  cos¬ 
mic  rays.  Cosmic  rays  are  composed  of  protons,  a  particles 
and  heavy  particles  with  high  charge  and  energy  (HZE). 
Previous  research  using  a  variety  of  end  points  has  shown 
that  exposure  to  HZE  particles,  especially  *^Fe  ions,  can 
cause  deficits  in  behavioral  and  neurochemical  processes  at 
doses  that  are  significantly  lower  than  those  required  for 
similar  effects  after  exposure  to  -y  rays.  Protecting  the  organ- 

'  Present  address:  Division  of  Basic  Research,  National  Institutes  of 
Health.  RiK.kville,  MD  ,:()8.S7. 

‘Present  address:  USDA-ARS  at  Tufts  University,  Room  919,  711 
Washington  Street.  Boston.  MA  1)211 1. 


ivm  agiiinvl  Ihc  iJcIcicrious  effects  of  exposure  U>  HZE  parti¬ 
cles  requires  that  we  determine  the  toxicity  of  these  particles 
.icrovs  a  range  of  differenl  physiological  and  behavioral  end 
points,  and  that  we  understand  the  mechanisms  by  which 
sui,‘h  exp»>surcs  can  affect  these  end  points  ( /-O). 

One  t»f  the  physioittgical  effects  of  exposure  to  ioni/ing 
radiation  involves  alterations  in  the  regulation  of  body  tem¬ 
perature.  In  rats,  y  irradiation  prixluecs  a  dual  effect:  lower 
di>ses  ( -.5  (jy)  produce  hyperthermia,  and  higher  doses 
( ~.5()  Civ)  produce  hypothermia  ( 7.  S).  This  effect  results 
from  direct  irradiation  of  the  brain  because  exposures  that 
exclude  the  brain  have  no  signiticani  effects  on  the  thermo¬ 
regulatory  system  ( 7,  R).  The  dual  effects  on  thermoregula¬ 
tion  observed  after  irradiation  with  y  rays  apparently  arc 
mediated  by  two  separate  mechanisms.  Radiation-induced 
hyperthermia  is  mediated  by  a  release  of  prostaglandins 
and  can  be  prevented  by  pretreating  rats  with  indo- 
methacin.  which  acts  to  inhibit  synthesis  of  prostaglandins. 
In  contrast,  the  hypothermia  observed  after  higher  doses  of 
radiation  is  mediated  by  the  release  of  histamine  and  can  be 
prevented  by  treatment  with  antihistamines  (7, 8). 

Thermoregulation  is  one  of  a  group  of  homeostatic 
processes  that  mediate  the  adjustment  of  an  organism  to  its 
environment  by  functioning  to  maintain  a  relatively  constant 
internal  environment.  The  observation  that  exposure  to  ion¬ 
izing  radiation  can  disrupt  the  functioning  of  this  system 
may  be  indicative  of  the  potential  disruption  of  a  variety  of 
other  homeostatic  systems.  As  such,  it  would  be  important 
to  establish  the  sensitivity  of  homeostatic  processes,  such  as 
thermoregulation,  and  the  mechanisms  that  mediate  the 
responses  of  these  systems  to  HZE  particles,  to  assess  the 
possible  effects  of  such  exposures  on  the  performance  of 
astronauts  on  long-term  missions  outside  the  magneto¬ 
sphere.  This  is  particularly  important  because,  as  indicated 
above,  previous  research  has  shown  that  exposure  to  heavy 
particles  can  disrupt  behavioral  and  physiological  function¬ 
ing  at  significantly  lower  doses  than  exposure  to  y  ray  i  (/-6). 

Our  experiments  were  designed  to  evaluate  the  effects  of 
exposure  to  different  HZE  particles  on  thermoregulation 
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by  esiablishing  the  dose-response  relationships  between 
exposure  to  iron,  argon,  neon  and  helium  ions  and  changes 
in  body  temperature.  In  addition,  the  roles  of  prosta¬ 
glandins  and  histamine  in  changes  in  thermoregulation 
induced  by  HZE  particles  were  investigated  to  determine 
whether  mechanisms  that  are  similar  to  those  that  mediate 
these  responses  after  exposure  to  y  rays  (7.  also  mediate 
these  changes  after  exposure  to  heavy  particles. 

MATERIALS  AND  METHODS 

h  xprrimeniKl aninmix.  Male  Sprague-Dawicy  <'rl;CD(SD)BRD  rats 
weighing  ;il(l-.Vai  g  (Charles  River)  were  used  in  these  experiments.  The 
tats  were  mainl.iined  at  I  awrence  Berkeley  l  aboratory  (t.BL)  in 
A AAl.AC-aeerciliteJ  taeilities.  ('timirereial  rodent  chow  and  water 
were  available  ml  lihiium  Animal  holding  nwimv  were  maintained  at  21 
t  I  (  with  a  12-h  lighcdark  cycle 

ftmliaium  i,>ul  ili’xinMrv  I'xpiKure  to  heavy  particles  was  performed 
using  the  HI  V  AI  .At  at  I  HI  Rats  were  exposed  unilaterally  to  doses  of 
III  S(iy  at  dove  rales  Irom  0.2  (iy  min  to  2  Gy  min.  All  exposures  were 
m  the  plateau  region  of  ihe  Hragg  curve  Sham-irradiated  rats  were  held 
in  restraining  cages  for  the  same  of  length  of  lime  and  in  (he  same  envi- 
ronmcni  as  their  irradiated  counterparts.  Groups  of  rats  were  exposs'd  l«> 
Ihe  lollowmg  particles  (g  ratspartielerdiwe):  iron  |'*Ee.  nOO  MeV'ii.  lin¬ 
ear  energy  transfer  (1.11 )  IfO.tl  keV/pm|:  neon  (  ^"Nc.  S22  McV'ir. 
Mil  ■  2g(i  keV'gml;  argon  (“'Ar.  (i70  MeV'w.  I.E1'  ’  -b.'.O 
ke\  pm),  and  helium  (*He.  lo.'  MeVm.  LET  -  ~2(l  keV/pni). 

Dosimetry  was  provided  by  the  staff  of  (he  HEVAl  AC  facility. 
Ibese  procedures  have  been  detailed  in  previous  reports  (.<.  V-// ). 

/•rile*  iiiiil  mlmmixirtiiion  I  he  drugs  levied  lor  eflecis  on  changes  in 
ihermorc  lulaiion  induced  by  H/.E  particles  were  indomeihacin  (Sigma 
Chemical  Co  .  St.  Louis.  MO)  dissolved  in  a  mixture  of  1%  Mwlium 
hydroxide  and  sterile  nonpyrogenic  saline,  mepyramine  maleale 
(MallinckriKli  Inc..  St.  Louis.  MO)  dissolved  in  saline,  and  eimciidine 
(Smith  Kline  and  French  Laboratories.  Philadelphia.  PA)  dissolved  in  0.1 
ml  of  I  V  MCI  and  diluted  to  the  final  volume  with  sterile  nonpyrogenic 
saline.  Indomethaein  is  n  cyelo.oxygenase  inhibitor  which  acts  to  inhibit 
prostaglandin  synthesis.  Mepyramine  and  cimetidinc  are  antihistamines, 
which  are  H I  and  H2  antagonists,  respectively  . 

Indomeihacin  was  administered  by  intraperiioneal  (ip)  injection. 
Mepyramine  and  cimetidinc  were  administered  using  inlracerebro-ven- 
trieular  injection  with  chronic  cannulas  placed  in  the  lateral  ventricle. 
Cannulas  were  implanted  siereolaxically  in  rats  anesilicti/ed  with  an 
‘nlrainuscular  injection  of  I  ml/kg  of  a  mixture  of  ketamine  f.M)  mg/kg), 
xyla/inc  (.^  mg/kg)  and  aceproma/.ine  ( I  mPkg).  A  single  cannula  was 
inserted  aseplically  into  (he  lateral  ventricle  at  O.g  mm  posterior  and 
2..S  mm  lateral  to  bregma,  using  coordinates  derived  from  the  alias  of 
Pelligrino  el  ul.  (12).  The  cannula  was  lowered  until  cerebrospinal  fluid 
rose  in  the  cannula.  Dental  acrylic  was  used  to  secure  Ihe  cannula.  The 
rats  were  allowed  to  recover  for  2  days  before  being  used  for  experi¬ 
ments.  After  the  experiment,  the  rats  were  sacrificed  with  CO.  inhala¬ 
tion.  and  the  injection  site  was  verified  histologically. 

Provedure.  All  experiments  were  performed  at  an  environmental 
temperature  of  21  ±  1'  ('.  The  measurement  of  body  temperature  was 
performed  as  described  previously  (7.  K).  Briefly.  Ihe  animals  were 
placed  in  acrylic  restraining  cages  .10  min  before  irradiation,  and  body 
temperatures  were  measured  with  thermistor  probes  (YSl  series  700, 
Yellow  Springs  Instrument  Co..  Inc.,  Yellow  Springs.  OH)  inserted 
approximately  6  cm  into  the  rectum  and  connected  to  a  datalogger 
(Miniircnd  20.1),  The  probes  were  removed  from  the  animals  for  irradia¬ 
tion.  After  exposure,  the  probes  were  reinserted,  and  body  temperatures 
were  observed  for  an  additional  .10  min.  Immediately  after  radiation 


FIG.  I.  Average  change  in  rectal  temperatures  ol  rats  10  min  after 
exposure  to  varying  dtvses  of  (•)  '*Fe.  (O)  '"Ar.  (■)  ’"Ne.  (□)  ^Hc  and 
(A)  “’Co.  Data  for  “'Co  have  been  regraphed  from  ref.  (S).  Error  bars 
indicate  the  standard  error  of  the  mean. 


exptvsure.  rats  developed  hyperthermia  or  hypvithermia,  depending  on 
Ihe  dose,  reaching  maximum  temperature  responw.'s  in  10  min  which  last¬ 
ed  for  I  h  and  then  gradually  declined. 

For  the  experiments  on  the  mechanisms  of  radiation-induced  changes 
in  thermoregulation,  the  appropriate  drugs  were  administered  to  inde¬ 
pendent  groups  of  rats  (8  rats/group)  .K)  min  before  exposure  to  “’Fe  par¬ 
ticles.  The  role  of  prostaglandins  in  '*Fe-pnrlicle-induccd  hyperthermia 
vsiis  determined  in  r.iis  given  ip  injections  of  indomeihacin  and  exposed 
to  I  tiy.  Lhc  role  of  histamine  in  '*Fe-parlicle- induced  hypothermia  was 
determined  in  rats  given  either  cimetidinc  or  mepyramine  injections 
(iniracerebro-veniricular)  and  exposed  to  .1  Gy.  After  exposure,  body 
temperatures  were  monitored  for  an  additional  .K)  min.  Control  animals 
were  administered  only  the  vehicle  privir  to  irradiation.  Previous  revaiarch 
(7.  H)  has  shown  that  administration  of  these  drugs  alone  produces  no 
signillcant  changes  in  body  temperature. 

SiiiiiMies.  Statistical  evaluations  of  the  data  were  performed  using 
analyses  of  variance.  Po.\l  hue  comparisons  between  groups  were  per¬ 
formed  using  Lukey's  /  lest. 

RESULTS 

The  effects  of  exposure  to  heavy  particles  on  body  lem- 
perature  are  summarized  in  Fig.  1.  Exposing  rats  to  0.1-5 
Gy  of  ''’Fe,  '*’Ar.  ^“Ne  or  '*He  particles  produced  significant 
dose-dependent  changes  in  body  temperature  (independent 
one-way  analyses  of  variance,  all  P  <  0.001).  Lower  doses 
of  all  particles  produced  significant  increases  in  body  tem¬ 
perature.  while  higher  doses  of  ^Fe  and  ^"Ne  particles  ( >3 
Gy)  caused  significant  hypothermia. 

Figure  1  also  shows  that  the  doses  needed  to  produce 
hyperthermia  after  exposure  were  different  for  the  heavy 
particles.  The  lowest  effective  dose  for  a  significant  increase 
in  body  temperature  was  observed  after  exposure  to  ''’Fe 
particles  (~0.1  Gy),  while  the  highest  effective  dose  was 
observed  after  exposure  to  '‘He  particles  (-0.5  Gy).  The 
intermediate  effective  dose  for  a  significant  increase  in  tem¬ 
perature  was  observed  after  exposure  to  0.3  Gy  of  ^“Ne  or  0.2 


354 


KANOASAMY  /  7  ,1/.. 


HKi.  2.  ( \tnip,niM'n  nt  tlic  In pcrilici ini;i  produccj  h\  L'vpoNtire  li> 
1  (i\  nt  "'(  II  V  with  tll.it  prndliccd  I'l.  nvpoMiii.-  to  t  (i\  nt  licavv 
p.ii tinlo'.  Data  tnr  (  n  Ii.im.'  Ken  iveraphcd  Imm  let-  |.''t  I  inn  h.lr^ 
iiKlie.ile  the  -.taililard  erini. 


I  ICi. l  ilcci  ot  inJiMncthiicin  ( 1  .i)  or  .V()  mu  k>:)  on  h\ pcj  thoi mi.i 
imluccJ  h\  exposure  lo  I  (iv  ot  ''l  e  piirlicles.  Siiinihe.iiuK  ditteicni 
from  'Tc-p.inicle-inJuLvd  hvpothcrmiii.  /*  •*.()>  I  rroi  Ivtrs  nKlie.ite 

Ihe  sKimkiril  erriu 


{ i\  ol  ^  "At  ptirticlos.  wore  tilso  ohsciAcd  in  the 

h\piithcnnia  iniluecd  h\  exposure  to  dillerent  partieles. 
I  otnptired  lo  tionirt;idi;iled  eotilrols.  tills  exposed  lo  either 
I  e  or  'Ne  parlieleN  sliowed  ;t  sit>niiie;itil  reduetir'ii  in  hodv 
teinperalure  |'(  14)  12. .>2./’'  (I.(I1;)(I4)  |i).(i7. /'-  (poi, 

respeetivelv  |  at  the  litithesi  dose  (.a  (i\ ).  Iti  eontiiisi.  the  rats 
exposed  to  (i\  ill'  ‘i  Ic  (xirtieles  eoniitiueJ  to  slum  a  sii>nilt- 
eiini  tnereiise  in  bod\  tempemture  1/(14)  S.Ki.  /’  ll.l)l|. 

I  lie  iiinouni  ol  ehiinue  in  hods  lemperaiure  produeed  In 
exposure  lo  I  (is  ul  heiiss  piirtieles  or  to  1  (is  of  '"Co 
y  liiss  is  slumn  in  I  i;i.  2  Hits  dose  ssas  seleeled  heeiiuse  it 
ssas  eoinnion  lo  ;ill  of  the  ispes  of  radiation  tested.  Coni- 
piired  to  1  (is  ""('o  y  liiss  (7.  ,x'),  exposure  to  Hie  piirtieles 
produeed  an  ei|uisaleiil  tnereiise  in  bods  iein|ieiatnre  |f(  14) 

1)  42.  /’  ■  ii.it.A|.  In  eoniiiisi.  exposure  to  "Ne.  *"/\r  or  '"I'e 
piirtieles  produeed  it  simiilieanils  ureiiter  rise  in  bods  lem- 
pei'iiture  than  did  exposure  to  ""('o  or  ‘lie  (;ill  /’  ■  il.lll ).  In 
addition,  the  hs perthermiii  produeed  bs  '"l  e  ssits  siiinifi- 
e. Hills  ureiiler  lliitii  that  produeed  bs  exposure  to  either 
'"Nel'tU)  7.72.  /’ •  11,01 1  or ‘".Ar  j/l  14)  0.47. /»  • 

0.01 1.  ssliieli  did  iuii  differ  sii’nifieantls  from  eaeli  other 
|/(I4)  I.2.A. /*  •O.tl.'s]. 

rile  dose  I'itte  lor  H/1.  siiried  bs  it  faelor  ot  10.  For  ""Co. 
the  ilose  rale  is  10-20  (is  min.  Heeaiise  the  diitii  for  ""Co 
liiise  been  leL’iiiplied  from  ref.  (•''').  the  dose  liiles  svere  not 
ineluded  in  this  piipei.  Reseiireli  usinu  loss-l.F'l  riidiation  in 
the  .Armed  Forees  Radiobiolojis  Reseiireli  Itislilule  has 
indiealed  llnit  there  is  no  sintiilieanl  eliiinue  in  lemperiiture 
responses  ssith  dose  liiles  hetsseen  10-20  (is  per  miiuile. 

I  he  elleet  ol  pretreiiliiieni  ssith  indoiiielhaeiti  on  '"Fe- 
piiitiele-indueed  lispertheriiiiii  is  shossn  in  Fiii.  3.  Com- 
pitred  to  irradiated  rats  eisen  only  the  s  ehiele.  both  doses  of 
iiuloiiiethacin  ( 1  or  ’  mu  kc.  ip)  produeed  a  siunifieani 


aiteiuiation  of  the  hsperllierniiii  mdueed  bs  it  l-(is  dose  of 
"Fe  partieles  |/(14)  -  7.00.  />  ■,  o.Ol;  ,(|4)  11.74. 

/*  •  ti.OI.  respeelis ely).  Siniiliirls ,  the  .'-ini’ k_u  dose  sd 
iiidoiiielhaein  produeed  a  siiiiiilieaiitls  iireiiter  atieiuiiition 
of  '"l•e-parliele-indueed  liyperlliermia  than  did  the  1-ni)’  ku 
dose|/(l4)  ■  .VS3.  0.iil|. 

Compiired  to  the  sehiele-irealed  tills  (F'iii.  4).  both 
niepsramine  iiiid  eimetidine  (  HH)  iiiul  .^00  lyu)  produeed  siu- 
nitieiiiii  dose-dependent  atlenuiilioiis  of  the  hspoihermia 
produeed  by  exposure  to  .x  (is  '"1  e  piirtieles  (iill  /’  o.oi ). 
Ihe  de.uree  ol  iiiieiiualion  ol  the  '"F'e-parliele-iiulueed 
lyspotherniiii  ssas  I’leiiler  tor  the  hiulier  doses  o|  noth  the 
mepyriniiine-ireiiied  |/|  14)  4. SO.  /’  •  0.01 )  and  the  eimeii- 
dine-trealed  [/( 14)  4.(-i0.  /’  ■  it. 01 )  rats.  I  he  differenees 

belsseeii  the  effeeiiseness  of  '"Fe-piiriiele-indueed  hspo- 
thermiii  iitleiiuiiled  bs  mepsiiiniine  iind  eimetidine  ssere 
not  siatistiealls  sieiiilieiinl  tali  /'  ■  O.O.S). 

DISCI  SSION 

I  he  present  results  shoss  that  exposure  to  lie.iss  |iiirti- 
eles  prosluees  siunifieiiiit  dose-dependent  ehiuiues  in  bosls 
temperature  in  liii'.  As  obsersed  iifter  exposure  to  y  liiss 
(7.  iS).  losser  doses  of  H/.F  partieles  iiiduee  hspertheriiiia. 
ssheieiis  hiiiher  doses  'if  "Ne  and  '"I  e  partieles  induee 
hyi'Hilherniia- 

riie  "l  e  piirtieles  ssere  the  most  elleeiise  in  |iroduein,u 
ehanues  in  tlieriiioreuulation.  Fxposure  to  "Fe  |iiirlieles 
produeed  siunifieiiiit  hsperthemiia  at  the  losses!  dose  iind 
also  produeed  the  ureatest  amount  of  ehiiiiue  in  bods  leni- 
peraiure  at  any  uisen  dose.  FAposinu  rtils  to  "Co  y  riiss 
prosluees  ii  siunitieani  inerease  in  bods  lemperiiture  iit  ii 
slose  of  .A  (is  .  ss liereas  it  dose  of  .^0  ( is  is  needed  to  produee 
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Control  Mopyraminfl  ClmaUdina 

Traatinenl 


FIG.  4.  i:tfL'i.i  of  mcpvriiiniiio  iind  ciinctidinc  ( Ittd  ;ind  .VKi  np.  imra- 
ccrcbro-vcnlricular  inictiion)  on  hypcuhL'rmia  induced  hy  exposure  to 
5  Gy  of  "I'e  particles.  Control  animals  received  vehicle  only  '.Sijinili- 
ciintly  different  from  '"Fc-particic  tttduced  hypolherttiiii.  /’  •  Il.tlS.  Error 
bars  indicate  the  standard  error. 


a  significant  decrease  in  body  temperature  (7.  <S).  In  con¬ 
trast.  significant  increases  in  body  temperature  are  obtained 
after  exposure  to  0.1  Civ  of  '"Fe  particles  and  significant 
decreases  are  obiainetl  with  5  (iy. 

This  observation  extends  the  results  of  previous  studies 
using  a  variety  of  different  neunK'hemical  and  behavioral 
end  points  to  the  maintenance  tif  physiological  homctrstasis. 
In  agreement  with  the  results  of  previous  research  that  used 
conditioned  taste  aversion  (J.  4)  and  striatal  dopamine 
release  (/,  .T  .^)  in  rats  ;ind  emesis  in  ferrets  (A),  the  present 
results  shtm  that  '"Fe  particles  produce  changes  in  ther¬ 
moregulation  at  significantly  lower  doses  than  the  rrther 
particles  tested. 

Although  exposure  to  "^Fe  particles  is  signiliciinlly  more 
effective  in  producing  changes  in  thermoregulation  than 
exprrsure  to  "Ne  or  *'Ar  particles,  these  latter  particles  are 
iicvertheless  significantly  more  effective  than  ^He  particles 
r>r""(\j.  These  results  indicate  that,  for  this  particular  end 
point,  the  effectiveness  of  exposure  to  these  particles  in 
producing  changes  in  thermoregulation  generally  parallels 
the  LH I  of  the  particles.  I  he  most  effective  particle,  '"Fe. 
was  the  one  with  Ihe  highest  LF^I  (  "  I'fd  keV/gm).  while 
the  particle  with  the  lowest  LF.T.  ^He  (  ^  2  keV  gm).  did  not 
differ  from  "'Co  y  rays  (l.FT.  (1..^  keV'/gm)  in  effectiveness. 
Ihe  two  particles  with  intermediate  l.FT's.  '"Ne  ('ZR 
keV/gm)  and  ^'Ar  (  'S5  keV/gm).  showed  an  intermediate 
level  of  effectiveness  in  eliciting  changes  in  thermoregula¬ 
tion  compared  tt>  ""('«>  and  '"Fe.  Flowever.  there  were  no 
differences  in  the  changes  in  thermoregulation  prrxiuced  by 
'^'Ne  and  *'Ar  in  rats  exposed  to  the  common  dose  of  I  Ciy. 
despite  the  differences  in  particle  LET. 

In  terms  of  the  relationship  between  LET  and  the 
amount  of  change  behavior  and  neurocheinistry  produced 


by  exposure  to  different  types  of  radiation,  the  present 
results  differ  from  those  obtained  using  the  conditioned 
taste  aversion  (2,  4)  or  striatal  dopamine  release  (Joseph, 
Rabin,  Hunt  and  Kandasamy,  unpublished  observations)  as 
experimental  end  points.  In  those  experiments,  "’Co  y  rays 
and  ■'He.  ’"Ne  and  ‘"'Ar  ions  were  equally  effective  in  pro¬ 
ducing  changes  in  behavior  and  neurochemistry.  With  these 
end  points,  only  '"Fe  particles  were  significantly  more  effec¬ 
tive  than  y  rays.  These  results  therefore  emphasize  the 
importance  of  the  specific  end  point  in  determining  the 
effectiveness  of  heavy  particles  {L  2. 4, 9.  JJI-15). 

As  observed  previously  after  exposure  to  "’Co  y  rays 
(7,  <S).  separate  mechanisms  mediate  hyperthermia  and 
hypothermia  after  exptisure  to  '"Fe  particles.  Hyperthermia 
prtxluced  by  exposure  to  1  Gy  of  ‘"’Fe  particles  is  mediated 
by  a  particle-induced  release  of  prostaglandins  because  pre¬ 
treatment  with  the  cyclo-oxygenase  inhibitor  indomethacin, 
which  inhibits  pri>staglandin  synthesis,  causes  a  significant 
reduction  in  the  ‘"Fe-particle-induceJ  increase  in  Ixxiy  tem- 
^'rature.  Hypothermia  produced  by  exposure  to  5  Gy  of 
^Fe  particles  is  mediated  by  the  release  »)f  histamine  and 
can  be  prevented  hy  pretreatment  with  either  HI  (mepyra- 
minc)  or  H2  (cimetidine)  antagonists.  Because  these  com¬ 
pounds  have  identical  effects  «)n  changes  in  thermoregula¬ 
tion  produced  by  exposure  to  y  rays  and  HZE  particles, 
similar  mechanisms  must  mediate  the  thernu>regulaiory 
rcspimscs  after  exposure  to  these  different  types  ttf  radia¬ 
tion.  This  i>bservation.  that  similar  mechanisms  mediate  the 
response  of  the  organism  both  to  y  rays  and  to  '"Fe  parti¬ 
cles.  is  in  agreement  with  the  report  that  lesions  of  the  area 
postrema  are  equally  effective  in  disrupting  the  acquisition 
of  a  conditioned  taste  aversion  produced  by  exposure  to 
btJth  types  of  radiation  (2).  Thus  the  present  results  would 
be  consistent  with  the  hypothesis  that  the  differences 
between  "'Co  y  rays  and  '"Fe  particles  seem  to  be  differ¬ 
ences  in  the  potency  with  which  these  types  of  radiation 
effect  changes,  either  directly  or  indirectly,  in  the  function¬ 
ing  r>f  the  nervous  system. 

In  summary,  the  present  results  shvvw  that  exposure  to 
HZE  particles  produces  changes  in  the  regulation  of  body 
temperature  at  doses  that  arc  significantly  lower  than  thvise 
needed  after  exposure  to  y  rays.  These  results  therefore 
extend  previous  research  which  used  a  variety  of  other  neu¬ 
rochemical  and  behavioral  end  points  {1-6)  to  the  mainte¬ 
nance  of  physiological  homeostasis.  Homeostatic  mecha¬ 
nisms.  including  regulation  of  body  temperature,  salt  bal¬ 
ance.  glucose  metabolism,  etc.,  function  to  maintain  a  rela¬ 
tively  constant  internal  environment  despite  wide  variations 
in  the  external  environment.  The  observation  that  exposure 
to  relatively  low  doses  of  heavy  charged  particles  (specifical¬ 
ly.  '"Ne.  "“'Ar  and  '"Fe)  can  disrupt  the  homeostatic  regula¬ 
tion  of  body  temperature  suggests  that  other  homeostatic 
systems  may  be  sensitive  to  low  doses  of  HZE  particles. 
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Because  changes  in  thermoregulation  produced  by  ionizing 
radiation  are  mediated  by  the  brain  (7),  these  results  suggest 
the  possibility  that  the  cumulative  effects  of  exposure  to 
HZE  particles  on  long-term  space  missions  beyond  the 
Earth’s  magnetosphere  could  result  in  a  disturbance  of 
homeostatic  processes  that  could  in  turn  affect  the  perfor¬ 
mance  capabilities  of  astronauts.  However,  because  the  flu- 
ences  of  HZE  particles  are  low  and  because  the  sensitivity 
of  humans  to  these  particles  is  unknown,  additional  research 
will  be  necessary,  at  some  point,  to  evaluate  this  possibility. 
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